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(57) Abstract 

The flow rates through the individual compartments (31, 32, 33, 34, 35, 36, 37, and 38) of the sorbent bed of a simulated 
moving bed are controlled in accordance with time variable functions to maintain an improved steady state waveform for the pro- 
cess. 
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TIME VARIABLE SIMULATED MOVING BED PROCESS 
BACKGROUND OF THE INVENTION 

5 

Field : This invention relates to simulated moving 
bed chromatographic separators. It is particularly directed 
to a process control procedure which improves the separation 
characteristics of a simulated moving bed, 

10 

State of the Art : Batch, continuous or simulated 
moving bed systems designed for the chromatographic separ- 
ation of mixture components often consist of one or more 
beds of solid separator medium (sorbent) . Sorbent bed 
15 systems representative of the types contemplated by this 
invention are disclosed in U.S. Patent Nos. 2,985,589; 
3,831,755; 4,400,278; 4,404,037; 4,011,113; 4,182,633; 
4,247,636; 4,412,866; 4,501,814; and 4,511,476, the 
disclosures of which are incorporated by reference for their 
20 teachings concerning sorbent beds generally and the use of 
such beds in industrial scale operations. 

Simulated moving bed (SMB) technology is well 
developed for applications involving separating the 
components of a fluid. Typical applications of simulated 
25 * moving bed chromatography include the separation of fructose 
from fructose-glucose solutions and the separation of 
sucrose from sugar beet or sugar cane syrups. Ion exchange 
resins are typically employed as sorbents for these 
applications. Solution components are differentially 
3 0 absorbed by the ion exchange resin so that a separation 
waveform develops within the simulated moving bed. 

A typical simulated moving bed apparatus consists 
of several compartments (or individual columns) filled with 
solid sorbent. A fluid conduit interconnects the upstream 

3 5 and downstream ends of the system to form a loop through 

which fluid is continuously recirculated. The constant flow 
of fluid through the loop is called "internal recirculation 
flow." A manifold system of pipes and valves is provided 
selectively to position an inlet for feed material, an inlet 

4 0 for desorbent, an outlet for a sorbed component and an 

outlet for a nonsorbed (or less sorbed) component. Each 
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inlet and outlet communicates with a separate bed 
compartment. Feed material enters the system at a 
designated compartment and is moved through the sorbent by 
the continuous internal recirculation flow. This moving 
5 contact results in a chromatographic separation of 
components. Sorbed component(s) which flow(s) at a 
relatively slow rate is removed from the sorbed component 
outlet. Nonsorbed component (s) which flow(s) at a 
relatively fast rate is removed from the nonsorbed component 

10 outlet. Desorbent is added at its inlet valve between the 
respective outlet valve positions of the sorbed and 
nonsorbed components. 

At predetermined time intervals (step time) the 
designated inlet and outlet valve positions are displaced 

15 downstream one position on the manifold to the next sorbent 
bed compartment, which may be a discrete section of a 
vessel, (such as a column) , or an individual such vessel, 
e.g., column. The step time is chosen such that the 
designation of valves is properly synchronized with the 

20 internal recirculation flow. Under these conditions the 
system eventually reaches a steady state with specific 
product characteristics appearing at predetermined intervals 
in sequence at each valve position. This type of system 
simulates valves held in a single position while the solid 

25 sorbent moves at a constant and continuous rate around the 
recirculation loop producing constant quality product at 
each valve. 

The simulated version more closely approaches the 
character of an actual moving bed system as the number of 

3 0 compartments and valve positions increase. An important 
distinction between batch and simulated moving bed systems 
is that the internal recirculation flow is continuous in the 
simulated moving bed process. Except for very small adjust- 
ments to control internal pressure, the entering and exiting 

35 flow rates are continuous and constant, thereby 

approximating an actual moving bed system as closely as 
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possible. 

An equilibrated SMB system of the type disclosed 
by the aforementioned parent applications exhibits a steady 
state separation waveform along the path of the recircu- 
5 lation loop. This waveform moves along the path of the 
recirculation loop with valve switching synchronized to 
maintain the desired steady state. 

10 

SUMMARY OF THE INVENTION 

According to this invention, the flow rates 
through the various individual sorbent compartments are 

15 controlled to modify the specific steady state waveform 
characteristics of the process. These modifications 
differentiate the process of this invention from 
conventional SMB processes. The steady state waveform is 
modified by any combination of: 

20 (1) Operating the recirculation flow rates in a 

non-constant manner as a function of time within a given 
compartment or column during a step, 

(2) Operating inlet flows in a non-constant 
manner as a function of time during a step, and /or 

25 (3) Operating outlet flows in a non-constant 

manner as a function of time during a step. 

The resulting process may be regarded as a "Time 
Variable Simulated Moving Bed" process (TVSMB) . Controlling 
such a process requires special procedures. Highly 

30 responsive computer interaction monitoring and flow control 
devices are preferred. It is recognized, however, that the 
benefits of this invention could be realized to some extent 
through the use of manual control procedures. 

The claimed process involves the recognition that 

35 during any given step in a SMB process, the optimum flow 

rates in the system are time variable. The basic recircula- 
tion flow rate for any SMB process; e.g., the separation of 
fructose from a fructose-glucose solution, may be expressed 
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as a function of time, B(t) , where t elapses from t = 0 to t 
= T. The mathematical expression of this function may be 
derived from theoretical and/ or empirical considerations, 
and it may be optimized through experience. In amy event, 
5 B(t) may be either graphically or mathematically expressed 
and may be encoded in conventional fashion in a 
microprocessor or other mechanical, electrical, or 
electromechanical controller. This controller can be 
interfaced with one or more variable speed pumps or 

10 comparable flow control devices to maintain the desired 
recirculation flow rate at each instant of elapsed time 
during a step. When the valve positions are changed (at t = 
T) to initiate a subsequent step, the B(t) function is re- 
initiated at t = 0. 

15 Considering the basic flow rate B(t) to be the 

internal circulation rate for the first bed compartment in 
the system, the internal flow rates for the subsequent 
compartments may be derived from B(t) by adding subsequent 
inlet flow rates and subtracting subsequent outlet flow 

20 rates. According to certain embodiments of the invention, 
the circulation flow rate is monitored at a fixed location 
in the loop. Adjustments are made to the flow control 
devices in the loop, either continuously or periodically, in 
response to the flow rate detected at the monitor location. 

25 These adjustments are made to bring the actual flow rate 

detected into harmony with the circulation rate predicted or 
desired at the monitoring location at each instant of time 
elapsed during the specific step (of the sequence of steps 
constituting a process cycle) in progress. 



35 presently regarded as the best mode for carrying out the 
invention: 



configured to illustrate the first step of a typical process 



BRIEF DESCRIPTION OF THE DRAWINGS 



In the drawings, which illustrate what is 



FIG. 1 is a generalized schematic diagram 
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of the invention; 

FIG. 2 is a diagram similar to FIG. 1 but 
configured to illustrate a subsequent process step; 

FIG. 3 is a schematic diagram similar to those of 
5 FIGS. 1 and 2 configured appropriately for the first step of 
a specific embodiment of the invention; 

FIGS. 4 through 6 are graphical plots of flow rate 
functions descriptive of the embodiment illustrated by FIG. 
3; and 

0 FIG. 7 is a schematic diagram of a pilot plant 

configured for step 1 of a specific embodiment of the 
invention. 



15 DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS 

FIG. 1 illustrates a process configuration 
consisting of N compartments, columns or separating sections. 
C (a separating section may consist of one or more 

20 compartments) interconnected to form a recirculation loop L 
with recirculation flow measured by flowmeter F between 
column CN and Column ci. (The individual columns are 
numbered sequentially in the direction of flow, CI through 
CN.) Recirculation flow is maintained by one or more pumps 

25 P placed in the recirculation loop L. With the compartments 
C numbered as illustrated, the process is regarded as 
operating in Step l of the process cycle. Inlet valves I 
and outlet valves X are oriented on each pipe 11, 12, 13, 
14, 15, 20 of the loop L interconnecting compartments C. 

3 0 For Step No. l a basic recirculation flow rate function B(t) 
is specified for column ci. That is, the flow rate R x (t) 
through column CI during step 1 is a function of time 
specified as B(t) where "t» is the elapsed time, 0 to T, 
into step 1 (the first valving position) . Required internal 

35 recirculation rates for all other columns in step 1 are 
determined by adding subsequent inlet functions and 
subtracting subsequent outlet functions. 



WO 91/08815 PCTAJS90/07024 

-6- 

R x (t) = B(t) 

R 2 (t) = R x (t) + I,(t) " XJt) 

R 3 (t) » R2(t) + i 2 (t) - X 2 (t) 

RJt) = R 3 (t) + I 3 (t) - X 3 (t) 

5 R 5 (t) = R 4 (t) + I 4 (t) - X 4 (t) 

R^t) = Rs-iCt) + I H -i(t) - X H .!(t) 

10 The subscripts applied to the functions I(t) and X(t) 

designate the inlet I and outlet X positions illustrated by 
FIG. l. 

At each instant (t) : 



15 



20 



N N 

2 I„(t) = S X H (t) 

1 1 



That is, the sum of inlet flows should always 
approximate the sum of outlet flows. 

As in the case of a conventional SMB process, the 
function of the inlets I and outlets X (the valve positions) 
25 are displaced one position downstream to commence Step 2 
after a step time T has elapsed during step 1. FIG. 2 
illustrates the system of FIG. 1 with the valve functions 
shifted as appropriate for step 2. The recirculation flow 
rates for the respective columns are appropriately shifted. 
30 The appropriate time variable rate which should be monitored 
by the flowmeter F during step 2 is R 2 (t) . It is apparent 
that in subsequent steps, 3 through N, the monitored time 
variable flow rate at flowmeter F should progress 
sequentially through each of the rates R 3 (t) through Ru (t) as 
35 follows: 

Valve Position Step Flow Rate Setpoint at Flowmeter F 

1 Ri(t) 

40 2 R 2 (t) 

3 R 3 (t) 

4 R«(t) 

5 R 5 (t) 



45 



N Rjj(t) 
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Valve positions are displaced downstream one position for 
each step, eventually returning to step 1 and recirculating 
setpoint R^t) . 

A control device D such as a central processing 
5 unit (CPU) is interfaced with the flowmeter F and the pump P 
in conventional fashion. According to this invention, time 
variable circulation rates Rjj appropriate for each step N of 
the process are encoded, by means of software or otherwise, 
into or in operable association with the control device D so 

10 that an expected or predicted flow rate can be determined 
for each instant t of time elapsed during a time step 
interval T. The flowmeter, or associated apparatus, 
intermittently or continuously compares the actual flow rate 
detected at a time t with the predicted rate for that time. 

15 The control device D reacts to that comparison by adjusting 
all or selected flow control devices, P, I, X, in the loop L 
to minimize any difference in the comparison. Both analog 
or digital control devices are operable, but the logic 
capabilities of modern microprocessors are more than ample 

20 for this purpose. They are thus preferred from the 
standpoint of cost and versatility. 

25 EXAMPLE I 

The following example is illustrative of one 
embodiment as illustrated by FIG. 3. 

Eight columns 31 through 38, respectively, are 

30 configured as in FIG. 3 for step 1 of a process. Three 
inlets and three outlets are functional in the positions 
shown. These valve functions are shifted downstream one 
position each successive step while maintaining the same 
relative positions with respect to each other. The basic 

35 recirculation function is empirically determined to be as 
illustrated by FIG. 4. The inlet I functions are as 
illustrated in FIG. 5. The outlet X functions are as 
illustrated by FIG. 6. At any instant of time, t. 
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Ix(t) + I 4 (t) + I 7 (t) = X 2 (t) + X 3 (t) + X s (t) 



10 



25 



The internal rates through each column during step 
1 are calculated as: 



Ri(t) 




B(t) 




R2(t) 




Ri(t) 


+li(t) 


R 3 (t) 




R 2 (t) 


- X 2 (t) 


R*(t) 




R 3 (t) 


- x 3 (t) 


Rs(t) 




R«(t) 
Rs(t) 


+ l*(t) 


R6(t) 




- x 5 (t) 


R 7 (t) 




R 6 (t) 




R 8 (t) 




R 7 (t) 


+ i 7 (t) 



15 

Therefore, recirculation rates at flowmeter F are 
controlled at the time variable rates R x (t) through R 8 (t), 
respectively, as the process is cycled through steps 1 
20 through 8, respectively. 

As with conventional SMB operation, one or more 
outlet flow rates may need to be increased or decreased 
slightly during operation to maintain proper internal 
operating pressure. 



EXAMPLE II 



A pilot plant system was configured with four 
30 columns 41, 42, 43, 44, each packed with an ion exchange 

resin, FIG. 7 illustrates the configuration with inlet and 
outlet positions appropriate for step 1. Variable frequency 
booster pumps PI, P2, P3, P4 provided in the recirculation 
loop between columns adjusted the recirculation flow rate at 
35 the flowmeter F in the recirculation loop between columns 44 
and 41. Flow functions were established as follows: 

I x (t) = 127 ml per minute (42% fructose corn syrup) 

I 3 (t) = 178 ml per minute (water) 

40 X 4 (t) = [21.115(t) + 30.5] / [1.1 + .06923(t)] 

X 2 (t) = 305 - X 4 (t) 

Outlet 4 delivered high fructose extract and outlet 2 
delivered a high glucose raffinate. The recirculation flow 
45 for column 1, step 1 was R x (t) = B(t) = 712 ml per minute. 
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10 



20 



30 



Therefore, the flow rate setpoints for each step were: 

Valve Position step Flow Rate Setpoint at F 

1 R x (t) = 712 ml/min 

2 R 2 (t) = 839 ml/min 

3 R 3 (t) = 534 + X 4 (t) 

4 R 4 (t) = 712 + X 4 (t) 



The flowmeter F and the pumps PI, P2, P3 and P4 were 
interfaced with a computer 50 in conventional fashion to 
maintain the specified flow rates. The outlet flows were 
slightly increased or decreased from the functional 
15 setpoints as required to maintain proper internal pressure. 

Operating in this manner yielded a system 
production rate 22 percent greater than with the identical 
pilot plant configured for conventional simulated moving bed 
operation. 



EXAMPLE III 



The pilot plant system of Example II was operated 
25 with the following time variable flow rates: 



li(t) = 92 ml/min t < . 496T (an impure sucrose solution) 

0 ml/min t > .496T 

1 3 (5) = 644 ml/min t < .496T (water) 

0 ml/min t > ,4961 



X 2 (t) = 566 ml/min t < .496T (a low purity sucrose 

35 0 ml/min t > .496T solution product) 

X«(t) = 170 ml/min t < .496T (a high purity sucrose 

0 ml/min t > .496T solution product) 

40 R x (t) = B(t) = 10336 ml/min t < .496T 

10673 ml/min t > .496T 

where T = step time (the time between shifting valve 
positions downstream) . 
45 As in the previous examples, these functions 

were repeated for each step as the valve positions were 
displaced around the recirculation loop. The flow rates 
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R 1; Rj, R 3 and R 4 were calculated from the step functions 
and the flow rates were controlled with variable frequency 
pumps placed in the recirculation line as described in the 
previous examples. The system was also operated as a 
5 conventional simulated moving bed for. comparison, SMB and 
TVSMB operation yielded the following respective results: 



10 SMB TVSMB 

Sucrose percent purity at X 4 92.7 94.2 

Recovery of sucrose at X k 89.9 94.9 

15 

Reference herein to details of the illustrated 
embodiments is not intended to limit the scope of the 
appended claims which themselves define the invention. 
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CLAIMS 

We claim: 

5 

1. In a simulated moving bed process in which 
a plurality of sorbent beds are contained within respec- 
tive separating sections with inlets and outlets connected 

10 in a loop so that circulating liquid moves in sequence 
through said beds while process input streams are 
cyclically introduced in corresponding sequence to said 
loop at selected locations associated with said sections, 
and compensating process output streams are withdrawn in 

15 similarly corresponding sequence from said loop at other 
selected locations associated with said sections, all 
while maintaining a forward flow in a fixed direction 
through the loop during a plurality of steps, each said 
step commencing with the shifting of said input and output 

20 streams downstream in said loop, the improvement which 
comprises : 

establishing a time variable flow rate function for liquid 
circulating in said loop, whereby to determine 
the desired flow rates for said liquid at 
25 specific instants of time elapsed during a said 

step; 

monitoring said liquid circulating in said loop to detect 
the actual flow rates of said liquid at said 
specific instants; 
30 comparing said detected flow rates with said desired flow 
rates ; and 

adjusting the actual flow rate of said liquid in response 
to said comparisons to maintain said detected 
flow rates approximately equal to said desired 
35 flow rates at subsequent instants of time during 

said step. 
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2. An improvement according to Claim 1 wherein 
internal circulation rates are determined for locations in 
said loop alternating with said sections, one said 
location being positioned immediately upstream in said 

5 loop from each said section; said monitoring is done at a 
specified said location; and said desired flow rates cure 
determined for successive of said steps from said internal 
circulation rates shifting in sequence at time intervals 
corresponding to said steps downstream in said loop. 

10 

3. An improvement according to Claim 1 wherein 
the actual flow rate is adjusted by means of a flow 
control device in said loop. 

15 4. An improvement according to Claim 3 wherein 

said flow control device comprises a variable speed pump. 

5. An improvement according to Claim 3 wherein 
said flow control device comprises a valve at a said inlet 

20 or outlet. 

6. An improvement according to Claim 3 wherein 
internal circulation rates are determined for locations in 
said loop alternating with said sections, one said 

25 location being positioned immediately upstream in said 

loop from each said section; said monitoring is done at a 
specified said location; and said desired flow rates are 
determined for successive of said steps from said internal 
circulation rates shifting in sequence at time intervals 

3 0 corresponding to said steps downstream in said loop. 

7. An improvement according to Claim 6 wherein 
said flow control device comprises a variable speed pump. 

35 8. An improvement according to Claim 6 wherein 

said flow control device comprises a valve at a said inlet 



WO 91/08815 



PCT/US90/07024 



-13- 

or outlet. 

9. An improvement according to Claim 3 wherein 
said adjustment is effected by a control device operably 

5 associated with said flow control device and responsive to 
said comparing of detected and desired flow rates. 

10. An improvement according to Claim 3 wherein 
said monitoring is effected by a flowmeter device, and 

10 said flowmeter device is operably associated through a 
control device with a said flow control device. 

11. An improvement according to Claim 10 
wherein said control device is a computer controller. 

15 

12. In a simulated moving bed process in which 
a plurality of sorbent beds are contained within 
respective separating sections with inlets and outlets 
connected in a loop so that circulating liquid moves in 

2 0 sequence through said beds while process input streams are 
cyclically introduced in corresponding sequence to said 
loop at selected locations associated with said sections, 
and compensating process output streams are withdrawn in 
similarly corresponding sequence from said loop at other 

25 selected locations associated with said sections all while 
maintaining a forward flow in a fixed direction through 
the loop during a plurality of steps, each said step 
commencing with the shifting of said input and output 
streams downstream in said loop, the improvement which 

30 comprises 

establishing a first time variable flow rate function for 
liquid circulating in said loop, whereby to 
determine the desired flow rates for said liquid 
at specific instants of time elapsed during a 
35 said step; 

establishing further time variable flow rate functions for 
at least two streams of the group of said 
process input and output streams whereby to 
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determine the desired flow rate for said stream 
at specific instants of time elapsed during a 
said step; 

monitoring said liquid circulating in said loop to detect 
5 the actual flow rates of said circulating liquid 

at said specific instants; 
monitoring said flow rates of said at least two streams of 
the group of said process input and output 
streams to detect the actual flow rates at said 
10 specific instants; 

comparing said detected flow rates with said desired flow 
rates ; and 

adjusting the actual flow rates of said circulating liquid 
and said at least two streams of the group of 
15 said process input and output streams in 

response to said comparisons to maintain said 
detected flow rates approximately equal to said 
desired flow rates at subsequent instants of 
time during said step. 

20 

13. An improvement according to Claim 12 
wherein time variable flow rate functions are established 
for at least one of said process input streams and one of 
said process output streams whereby to determine the 

25 desired flow rate for each said function-established 

stream at specific instants of time elapsed during said 
step. 

14. An improvement according to Claim 12 

30 wherein a time variable flow rate function is established 
for each process input stream and each process output 
stream whereby to determine the desired flow rates for 
each said function-established stream at specific instants 
of time elapsed during said step. 

35 

15. An improvement according to Claim 12 
wherein said time variable flow rate functions are 
continuous functions. 
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16. An improvement according to Claim 12 
wherein internal circulation rates are determined for 
locations in said loop alternating with said sections, one 
said location being positioned immediately upstream in 
said loop from each said section; said monitoring is done 
at a specified said location; and said desired flow rates 
are determined for successive of said steps from said 
internal circulation rates shifting in sequence at time 
intervals corresponding to said steps downstream in said 
loop. 



17. An improvement according to Claim 12 
wherein the actual flow rate is adjusted by means of a 

15 flow control device in said loop. 

18. An improvement according to Claim 17 
wherein said flow control device comprises a variable 
speed pump. 



35 



19. An improvement according to Claim 17 
wherein said flow control device comprises a valve at a 
said inlet or outlet. 

20. An improvement according to Claim 17 
wherein said adjustment is effected by a control device 
operably associated with said flow control device and 
responsive to said comparing of detected and desired flow 
rates . 

21. An improvement according to Claim 17 
wherein said monitoring is effected by a flowmeter device, 
and said flowmeter device is operably associated through a 
control device with a said flow control device. 



22. An improvement according to Claim 21 
wherein said control device is a computer controller. 
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